The morphogenesis of nuclear inclusions and virus capsids in human embryonic lung cells infected with ts mutants of human cytomegalovirus at permissive (34 °C) and non-permissive (39 °C) temperatures was studied by indirect immunofluorescence (IF) and electron microscopic analyses and compared with the morphogenesis of these structures in wild-type virus infection with or without phosphonoacetate. Mutants tested belonged to five different complementation groups: two groups were DNA-(those unable to synthesize virus DNA at 39 °C) and the others were DNA +. Based on the previous finding that the electrondense, reticular nuclear inclusions (EM-NI) observed by the thin-section analysis correspond with nuclear inclusions (IF-NI) detected by the indirect IF staining (i.e. they occupy the same space in the nucleus), the following conclusions were 
INTRODUCTION
The ultrastructural (Iwasaki et al. I973; Smith & De Harven, 1973) and immunofluorescence changes (Th6 et al. 1974; Giraldo et aL I977; Hirai et al. I977 ) which occur in human diploid cells infected with human cytomegalovirus (HCMV) have been reported. One typical ultrastructural change is the appearance of electron-dense, reticular nuclear inclusions (EM-NI) with which most virus capsids are closely associated (Smith & De Harven, I973) . Indirect immunofluorescence (IF) staining showed (i) the appearance of early antigens I to 2 days p.i. in cells infected and cultured in the presence of cytosine arabinoside or phosphonoacetate (PAA) in the form of fine fluorescent granules scattered in the nucleus and (ii) the formation of late antigens constituting IF-positive nuclear inclusions (IF-NI) 2 to 3 days p.i. (Th6 et al. ~974; Hirai et al. t977 ). These two classes of antigens seemed to be immunologically distinct from each other (Th6 et al. 1974) . The IF-NI could also be stained by the peroxidase-conjugated antibody/diaminobenzidine (DAB) method (Nakane & Kawaoi, I974) and electron microscopic thin-section analysis of the DAB-stained cells suggested that IF-NI and EM-NI were the same structure occupying the same space in the nucleus (Maeda & Watanabe, I979).
oo22-I317/79/ooo-3485 $02.00 (~ 1979 SGM F. MAEDA, S. IHARA AND Y. WATANABE We have recently isolated ts mutants of HCMV and classified them into DNA-groups (those unable to synthesize virus DNA at the non-permissive temperature, 39 °C) and DNA + groups (Ihara et al. 1978) . The present study was undertaken primarily to investigate the steps at which the infection cycle of these mutants is interrupted at the non-permissive temperature. In indirect IF and electron microscopic thin-section an~:lyses these mutants varied in their ability to form nuclear inclusions and virus capsids at 39 °C. Correlation or dissociation was found between the synthesis of virus DNA and the morphogenesis of virus-induced structures, between the formation of EM-NI and IF-NI and between the formation of these nuclear inclusions and the assembly of virus capsids. These results are summarized in this paper.
METHODS

Cells and media.
Human embryonic lung (HEL) cells obtained from Dr M. Takahashi, Osaka University, were used between passages io and 25. The cells were grown in Eagle's basal medium for diploid (GIBCO, Grand Island, N.Y.) supplemented with o-12% NaHCO3, IO~o calf serum, IOO units/ml of penicillin and IOO/~g/ml of streptomycin. For virus production, the serum content was reduced to 2 % (maintenance medium) and the medium was changed every second day.
Virus. The wild-type strain (wt) of HCMV, a plaque isolate from the Towne strain (Furukawa et al. I973) and 6 ts mutants isolated from the wt were used. Permissive and non-permissive temperatures were 34 and 39 °C respectively. These mutants have been classified into five different complementation groups by the method described (Ihara et al. I978) ; those belonging to two groups were DNA-, while those in the other groups were DNA +.
Infection of cell monolayers and virus assay. Confluent monolayers of cells were inoculated with wt or ts mutants at a multiplicity of 5 p.f.u./cell. After virus adsorption for I h, cultures were washed and incubated in fresh maintenance medium at either 34 or 39 °C. At the times indicated, cells were scraped into the medium, sonicated for total of 6o s by an Insonator 2ooM (Kubota Inc., Tokyo, Japan) at 4 °C and the suspension was clarified by low-speed centrifugation. The supernatant fluid was assayed for infectious virus at 34 °C to determine total yields and at 39 °C to determine the yield of revertant virus. The procedure for virus assay by a plaque method was described previously (Hirai et al. I977) .
Electron microscopy. Cells were harvested by scraping into medium and pelleted by lowspeed centrifugation at 4 °C. Pellets were fixed in 2"5 % glutaraldehyde, rinsed with phosphate-buffered saline, post-fixed with 1% osmium tetroxide, then dehydrated with ethanol series and acetone and embedded in Epon 812 for thin-sectioning. Thin sections were stained with 2 ~o each of uranyl acetate and lead citrate and examined in a JEM-l oo electron microscope.
Indirect immunofluorescence (IF) test and serum absorption. The procedure for indirect IF staining was described previously (Hirai et al. 1977) . In the present study, the fine granular fluorescence which can be seen in nuclei of cells infected with wt in the presence of PAA (without virus DNA replication) is referred to as 'early antigens'. The large, condensed nuclear inclusions which, can be seen in the absence of PAA at late stages of infection are referred to as 'IF-positive nuclear inclusions' (IF-NI). The immunological distinctness of the early antigens from the major late antigens constituting IF-NI has been reported (Th6 et al. 1974) .
Human antisera with titres of t :256 and l :5t2 to early antigens and IF-NI in the indirect IF test, respectively, were obtained from a hospital patient with HCMV-associated hepatitis. For the absorption experiments shown in Table 3 I:2o dilution was absorbed with i × io 7 cells (acetone-dried) which were uninfected or infected with wt and cultured at 37 °C for 5 days in the presence or absence of PAA. For absorption with ts mutant-infected cells, the serum was absorbed in the same manner with cells which had been infected with ts mutants and cultured at 39 °C for 7 days. Phosphonoacetate (PAA). PAA was synthesized and used at a concentration of 2oo/zg/ml which specifically inhibited HCMV-specific DNA polymerase but not cellular DNA polymerases (Hirai & Watanabe, 1976) .
RESULTS
The timing of major replicative events of wt at 34 and 39 °C As a basis for comparing the infectious cycles of ts mutants at 34 and 39 °C, the timing of major replicative events which occur during the infectious cycle of wt at 39 °C was compared with the timing of those at 34 °C. To attain one-step growth, HEL cells were infected with wt at a multiplicity of 5 p.f.u./cell and incubated at 34 and 39 °C. Virus produced was assayed at 2-day intervals starting on day I p.i.; medium was changed every second day starting on day 3. At either 34 or 39 °C, production of progeny virus began by day 3 and reached its maximum on day 5 (Fig. i) . The virus production continued at 34 °C at least up to day 9 at an unabated rate (data not shown), while virus production at 39 °C decreased rapidly after day 5 concomitantly with disruption and detachment of cells. At 34 °C such c.p.e, appeared later than day 8.
Thin-section analysis of the infected cells cultured at 39 °C showed the appearance of virus capsids (mostly empty) beginning on day 2 and capsids with dense cores beginning on day 3 together with the appearance of electron-dense nuclear inclusions (EM-NI) with which the virus capsids were associated (Fig. za, b) . Enveloped virions were observed in cytoplasm and nuclear membrane regions on day 4 and their number relative to virus 
* HEL cells were infected with the virus indicated in the same manner as that described in Fig. I and the virus preparations (free plus cell-associated) harvested on day 7 at 34 °C and on day 5 at 39 °C were plaqueassayed at 34 °C. The virus produced at 39 °C was also assayed at 39 °C and the results are shown in parentheses.
t The ability of the mutants to synthesize virus DNA at 39 °C (Ihara et al. 1978) .
No plaques formed except for the appearance of a few tiny aggregates of a small number of rounded cells. The ratios of plating efficiencies of these mutants, p.f.u, at 34 °C/p.f.u. at 39 °C, have been published (Ihara et al. 1978). capsids in nuclei seemed to be increased on day 5 and 6. At 34 °C, these events appeared to be retarded by I2 to 24 h.
Indirect IF staining of the cells infected with wt and cultured at 39 °C revealed fine granular fluorescence in most of the infected cell nuclei by day z ( Fig. 3 a) ; the fluorescence pattern was similar to that of early antigens produced in the presence of PAA (Hirai et al. I977) . In the subsequent period between day 2 and 4, the fine granular pattern changed gradually to the intense nuclear fluorescence of the large, condensed inclusion-type (Fig.  3 b) . The timing of appearance of these two types of antigens was essentially the same as that observed at 37 °C in wt infection (Hirai et al. I977) . At 34 °C the appearance of these antigens was retarded by x 2 to 24 h. Table I shows the yields of infectious virus in HEL cells infected with wt or ts mutants and cultured at 34 and 39 °C. The yields of ts mutants at 34 °C were similar to or lower by about one log10 than the yield of wt at 34 °C. The yield of wt at 39 °C was slightly lower than that at 34 °C and the difference was about one log10 at most in several repeated experiments. In contrast, the ts mutants produced considerably less infectious virus at 39 °C ranging from 10 -4 to I o -3 of that at 34 °C (with the exception of tsz56). When the ts mutant viruses produced at 39 °C were assayed at 39 °C, practically no plaques were formed with any of the mutants; this indicated that the production of small amounts of infectious virus at 39 °C was due to leakiness of the mutants and not to the appearance of revertant virus. These results ensure that the following IF and ultrastructural observations on ts mutantinfected cells cultured at 39 °C reflect the replicative events of ts mutants and not of revertant virus. The virus production with ts256 at 39 °C also seemed to be due to leakiness of this mutant as is supported by the data shown in the following sections. This mutant was nevertheless included in the present study because this is the only mutant defective in the synthesis of HCMV-specific DNA polymerase (Ihara et al. ~978) . :~ Three types of virus capsids were scored on IO to 27 electron micrographs of different cells having EM-NI and expressed in percent of the total number of capsids per nucleus with the standard deviation. The empty capsids and the capsids with partial cores or dense cores are shown in Fig. 2(b) . § Cells infected with wt were cultured at 34 °C for 7 days, the others were cultured at 39 °C for 5 days.
Yields of ts mutants at 34 and 39 °C
Ii Cells infected with wt were cultured in the presence of PAA. ¶ Nuclear inclusions were mostly round and smaller than those seen in wt-infected cells (Fig. 3c ). ** The percentage of cells with EM-NI but without any virus capsids is shown in parentheses.
Indirect IF and thin-section analyses of cells infected with ts mutants
In an indirect IF test, cells infected with ts mutants at 34 °C showed fine granular fluorescence by 2 to 3 days p.i. and the intense fluorescence of nuclear inclusion-type by 4 to 6 days. Thin-section analysis of the cells showed the appearance of EM-NI, virus capsids with or without dense cores and enveloped virions morphologically indistinguishable from those observed in wt-infected cells and at a time similar to or slightly later than that in the cells infected with wt at 34 °C. At 39 °C, however, the mutants varied in their ability to induce these events, as summarized in Table 2 .
DNA-mutant infection at 39 °C
Two DNA-mutants belonging to the same complementation group A, ts38o and ts589, induced only fine granular fluorescence in the IF test; this was indistinguishable from the early antigen pattern in wt infection as shown in Fig. 3 (a) , but this fine granular fluorescence pattern remained unchanged for at least 8 days and no IF-NI positive-cells were observed when the infected cells were maintained at 39 °C. To characterize the antigens produced by these mutants at 39 °C, the infected cells were subjected to the indirect IF test with the antiserum absorbed by the cells which had been infected with wt in the presence of PAA [antiserum-wt(PAA)]; no significant staining was observed (Table 3 , column 6; results for ts589 are not shown). This result indicated that the antigens produced in these DNAmutants belong to the early antigens coded for by the parental virus genome.
We observed few ultrastructural changes in either nuclei or cytoplasm of infected cells except for the frequent accumulation of large numbers of granular dense materials in nuclei (Fig. 4 a, label G) which had been described by Smith & De Harven (J 973) in HCMV(AD 169)-infection at 37 °C. Another DNA-mutant belonging to complementation group B, ts256, induced intense fluorescence of nuclear inclusion-type and EM-NI-like structures, although these structures were small and their shape was mostly round in contrast to an elliptic shape in wt-infected cells (Fig. 3c, 4b) ; the size of the ts256-induced EM-NI was close to or slightly larger than that of nucleoli (compare Fig. 4b with 4a and 2a) . Note that the cells with EM-NI were considerably fewer than those with IF-NI (Table 2) . This difference may be accounted for by the difference in the method of detection rather than by difference in the frequencies of the formation of these two types of inclusions, because small inclusions may frequently escape detection in thin-sections. As evidence to support this, HEL cell monolayers used here had more than one nucleolus in about 90 % of cells as observed under a light microscope, whereas in thin-section analysis they contained nucleoli in only 2o to 3o % of cells (unpublished observation). Therefore, we assume that the actual number of cells containing EM-NI is much more than that observed in the thin-section analysis of ts256-infected cells and probably close to the number of cells having IF-NI. Since no virus capsids were observed in about 50 % of the cells having EM-NI (Table 2 , note **), it is possible that the IF-NI may be formed without the formation of virus capsids in ts256-infected cells.
To test whether IF-NI could be constructed without the synthesis of late antigens coded for by the progeny virus DNA, antiserum absorption experiments were performed (Table 3) . The antiserum-wt(PAA) and unabsorbed serum were equally capable of staining 1F-NI in ts256-infected cells (Table 3 , column 5) and, in the reciprocal test, the absorption of antiserum with the cells which had been infected with ts256 and cultured at 39 °C resulted in total elimination of the antibodies to major late antigens constituting nuclear inclusions as well as the antibodies to early antigens (Table 3 , columns 3 and 4). As controls, antiserum absorbed in a similar manner with the cells infected with wt in the absence of PAA lost its ability to IF-stain any target cells tested (data not shown). Since, by definition, only those antigens that are synthesized in the presence of PAA (without virus DNA replication) are regarded as early antigens here, the results indicate that the formation of the small IF-NI and EM-NI in ts256-infected cells at 39 °C probably resulted from leakiness of the blockade of virus DNA synthesis which, in turn, led to the synthesis of late antigens. Therefore, the results with ts256 are compatible with the idea that the formation of EM-NI, IF-NI and any form of virus capsid requires the prior synthesis of progeny virus DNA.
Morphogenesis in H C M V ts mutant infection
DNA + mutant infection at 39 °C At 39 °C, two DNA + mutant strains, ts442 and ts633, were able to produce EM-NI, IF-NI and virus capsids (Table 2 ) and ts442 was the only mutant able to produce virus capsids with dense cores at 39 °C. Although the total number of these virus capsids per cell varied widely from one cell to another, there was a trend in the relative number of each form of capsid produced by each ts mutant strain; a rough measure of the proportion of various virus capsid forms is presented in Table 2 . It is not clear at present whether the differences in the amount of each capsid species directly reflects the ts lesion of each mutant. Antiserum absorption (Table 3 ) suggested that these mutants were able to produce most of the major virus-specific antigens at 39 °C.
A prominent feature of ts633 infection was that the virus capsids formed at 39 °C were distributed evenly in the nucleus (Fig. 5a ) in contrast to the close association of virus capsids with EM-NI in ts633 infection at 34 °C (Fig. 5b) and in wt infection at either 34 or 39 °C (Fig. 2a) . A rough measure of the proportion of the number of capsids associated with EM-NI versus that of capsids non-associated is shown in Table 4 . In spite of this failure of association in ts633 infection at 39 °C, IF-NI was clearly seen in the nuclei (Fig. 5 c, Table 2 ) and the IF pattern in nuclei was similar to that observed in wt infection (Fig. 3 b) . Therefore, it is reasonable to conclude that virus capsids assembled are not the major antigens responsible for the intense fluorescence of nuclear inclusions. It is unknown at present whether this failure of association of capsids with EM-NI is due to a defect in virus capsids or a defect in EM-NI formed in ts633 infection at 39 °C; morphologically both of these structures were not aberrant.
Another DNA + mutant, ts212, produced EM-NI morphologically indistinguishable from that observed in wt-infected cells at a high frequency, and about one-third of the cells with EM-NI contained moderate numbers of empty and partially cored virus capsids. In indirect IF staining, however, only fine granular fluorescence was seen scattered in nuclei and no IF-NI was found (Table 2) . Staining with the antiserum-wt(PAA) also showed a similar fluorescence pattern (Table 3, The present study showed that the 5 °C difference in temperature (34 to 39 °C) caused only I2 to 24 h difference in the timing of major replicative events such as the appearance of inclusions, virus capsids and enveloped virions in wt infection; no apparent qualitative difference in the morphogenesis of these virus-induced structures was observed. Considerable difference was found, however, in the virus-caused c.p.e, between 34 and 39 °C.
Cells infected with ts mutants at 39 °C showed interruptions in virus morphogenesis which occurred at various stages of the infection cycle and produced correspondingly reduced amounts of infectious virus. All the mutants, however, caused strong c.p.e, at 39 °C comparable to that observed in wt infection at 39 °C when infected at a multiplicity of 5 p.f.u./cell (the ratio of physical particles/infectious unit was Io to 2o; unpublished observation). The cell-killing effect of DNA-mutants at 39 °C would be a subject for further study.
We are aware that the observations in ts mutant infection at 39 °C represent the consequences of interruptions of infection cycles by ts lesions and, therefore, may include the end results of abnormal morphogenesis. However, these results obtained should be useful in interpreting the processes of virus morphogenesis under normal conditions. DNAmutants of group A infected at 39 °C induced only those antigens which were corresponding with the early antigens developed in wt infection in the presence of PAA (i.e. without virus DNA synthesis) as judged by the serum absorption test and the antigens were seen as fine granules in the indirect IF test; these mutants could not induce the intense fluorescence of nuclear inclusion-type or any apparent ultrastructural changes. We have previously shown that PAA at the concentration used in the present study specifically prevents virus DNA replication presumably by inhibiting virus-specific DNA polymerase (Hirai & Watanabe, i976) and also prevents the development of IF-NI and infectious virus (Hirai et al. I977) . In PAA reversal experiments virus DNA began to be synthesized within 3 ° h after the removal of the drug and IF-NI developed in 48 h (unpublished observation), thus supporting the concept that the prevention of inclusion and virion formation by PAA is due to the inhibition of virus DNA replication rather than non-specific toxic effects of PAA to the cells. The formation of small inclusions and virus capsids in ts256 infection at 39 °C could be accounted for by leakiness of the blockade of virus DNA synthesis. These results are consistent with the view that the formation of inclusions and virus capsids depends on the synthesis of progeny virus DNA and therefore, by extension, on the synthesis of some late proteins coded for by the progeny virus DNA. In this respect, HCMV differs from herpes simplex virus types I and 2 which are able to synthesize proteins sufficient to construct virus capsids without replication of virus DNA (Nii et al. 1968; Schaffer et al. I974; Powell et al. I975 ; Cabral & Schaffer, i976) . The nature of early antigens produced before virus DNA replication is not clear. They may include virus-induced proteins involved in the onset of the synthesis of cell DNA and RNA (Hirai et al. 1977; Tanaka et al. I978) and those responsible for the activation of template activity of host cell chromatin (Kamata et al. t978) .
As reported in a separate paper (Maeda & Watanabe, I979) , double-staining of nuclear inclusions by the indirect IF method and the peroxidase-conjugated antibody/DAB method (Nakane & Kawaoi, t974) could stain IF-NI with oxidized DAB. Thin-section analysis revealed that the DAB-stained IF-NI and reticular EM-N1 are the same structure occupying the same space in the nuclei. The observation in the present paper that these two types of inclusions produced in tsz56 infection at 39 °C were similarly round and smaller than those formed in wt infection lends further support.
One mutant, ts212, could induce EM-N! but not IF-NI at 39 °C. A simple interpretation of this result is that the electron-dense skeleton of inclusion (EM-NI) is first formed and it is then converted to 1F-NI by acquiring virus late antigens and tszIz is unable to synthesize the late antigens at 39 °C in an amount sufficient to make the inclusions IF-positive. The fact that the virus capsid assembly did not necessarily require the formation of IF-NI in ts212 infection, and probably vice versa in ts256 infection, suggests that the virus capsids assembled are not the major antigens responsible for the intense fluorescence of nuclear inclusions. Another line of evidence to support this was obtained in ts633 infection at 39 °C in which virus capsids assembled were mostly unassociated with EM-NI, nevertheless IF-NI was normally produced.
The nature and origin of EM-NI are unknown. Since this electron-dense structure did not immunofluoresce in the indirect IF staining of tszlz-infected cells, it is probably constituted of materials of no or low antigenicity such as cellular materials and virus-specific nucleic acids. Further studies are needed to settle this point. This work was supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture, Japan, and by a Tokai Medical Research Grant.
